Purpose: Polymorphic variation in the angiotensin-converting enzyme (ACE) and α-actinin-3 (ACTN3) genes has been reported to be associated with endurance and/or power-related human performance. Our aim was to investigate whether polymorphisms in ACE and ACTN3 are associated with elite swimmer status in Caucasian and East Asian populations. Methods:
Introduction
Paragraph Number 1 Genetic contributions to performance at the elite level in swimming have received little attention (8, 35) . We were interested in identifying genes that predispose to high performance in swimming and in investigating whether such genes act across multiple populations. We thus set out to do a candidate gene association study of elite swimmers in both Caucasian and East Asian populations.
Paragraph Number 2 Two candidate genes were selected for the study: those encoding angiotensin converting enzyme (ACE) and α-actinin-3 (ACTN3). Variants in both genes have been reported to be associated with elite athletic performance and with normal, quantitative physical performance traits in the general population. Angiotensin converting enzyme plays a critical role in circulatory homeostasis as a component of the circulating renin-angiotensin system (RAS), catalysing the conversion of angiotensin I to the vasoconstrictor angiotensin II and the degradation of the vasodilator bradykinin. However, local (tissue or cellular) RAS in a variety of tissues subserve diverse roles, including the regulation of inflammation, cell growth and aspects of metabolism (25) . A 287bp Alu repeat insertion/deletion (I/D) polymorphism (rs4340) in intron 16 is associated with circulating and tissue ACE levels, with higher ACE activity being associated with the D (deletion) variant in both Caucasians (26) and East Asians (36). In contrast, in populations of sub-Saharan African descent, the I/D polymorphism is associated with ACE activity to a considerably lower extent, reflecting the linkage disequilibrium (LD) structure across the gene and the fact that the I/D variant is not thought to be the functional variant affecting ACE activity (40).
Paragraph Number 3 ACE I/D is associated with a variety of exercise-related phenotypes,
including sporting performance (20), fatigue resistance in response to physical training, the cardiac growth response, differences in muscle efficiency and strength, hypoxic ventilatory drive and skeletal muscle fiber distribution (reviewed in (25)). A number of studies have examined the relationship between this polymorphism and elite athlete status. In Caucasian populations, the I-allele has previously been reported to be associated with enhanced elite endurance performance in long-distance runners and rowers and with enhanced performance at high altitude (25), all activities requiring endurance capabilities; the D-allele, on the other hand, has been reported to be associated with strength/power sports, such as sprinting (22) and swimming events of ≤ 400 m (8, 35) . Despite the consistency of such findings, data from populations of East Asian descent have revealed conflicting results, the D-allele being associated with elite Japanese long distance runner status (33) and the I-allele with elite Korean power-oriented athlete status (14).
Paragraph Number 4
The ACTN3 gene encodes α-actinin-3, an actin-binding protein with a structural role at the sarcomeric Z-line in glycolytic (type II, fast-twitch) muscle fibers and an increasingly evident role in the regulation of muscle metabolism (reviewed in (5)). A common nonsense polymorphism, p.R577X, exists in many human populations. The 577X-allele is a protein-null allele, from which no ACTN3 is produced, so that XX homozygotes do not express ACTN3 at all in their muscles (5). In the knockout mouse, it is clear that ACTN3 deficiency alters skeletal muscle function (5). The 577X-allele is found worldwide but at widely differing frequencies in different populations (5). Associations have been reported between R577X and physical performance both in elite athletes and in the general population, with the 577R-allele being associated with increased sprint performance (21,37). The 577XX null genotype has been reported to be found at a reduced frequency in elite Australian Caucasian and Finnish sprinters and other sprint/power athletes (23,37). The 577X-allele is found at very low frequency in sub-Saharan Africa (5) and, in line with this, associations with sprint or power athletic status in Nigerians, Jamaicans and African-Americans (29,38), or with endurance athletic status in East Africans (38), have not been found.
Paragraph Number 5
We sought to explore further the associations of ACE and ACTN3 genotype with elite swimmer status and to investigate whether such associations differed by swimming event distance or by ethnicity, focusing on Caucasian and East Asian populations.
We have thus conducted analyses using a case-control approach in world-class elite athletes, such as world record holders, world champions and Olympians, including world-class competitive swimmers at all distances ranging from 50 m to 25 km; this overall cohort of swimmers is considerably larger than any previously assembled.
Methods

Subjects
Paragraph Number 6 Two elite swimmer cohorts, comprising Caucasian and East Asian subjects, respectively, were studied with the approval of the respective local ethics (Table 1 ). All had either participated in international competitions such as the Olympics, World Championships and Asian Games, or were nationally competitive swimmers. Controls for this group came from two sourcesJapanese controls were recruited for this study from the general population in Tokyo and its environs (n = 649); Taiwanese controls were a randomly selected subset (n = 603) of a larger cohort (n = 3000) recruited from the general Taiwanese population, as previously described (15). All controls were healthy adults of both genders and were not professionally connected with athletics/sport. Japanese and Taiwanese subgroups were combined in the analysis as a single control group except in models testing ethnicity x genotype interactions. Microplates (Starlabs UK Ltd, Buckinghamshire, UK) during the genotyping analysis.
Paragraph Number 10 East Asians. For the Japanese swimmers and controls, genomic DNA was isolated from either 7 ml venous blood or 2 ml saliva using QIAamp ® DNA Blood
Mini Kit (QIAgen, Hilden, Germany) or Oragene ® DNA Self-Collection Kit (DNA Genotek Inc., Ottawa, Ontario, Canada). DNA was then quantified using either a Nanodrop or a GeneQuant Pro (Amersham Biosciences, Amersham, UK) spectrophotometer. For the Taiwanese swimmers and controls, 5 ml venous blood was collected into heparinized tubes (Vacutainer) and centrifuged within 24 hours and buffy coat cells stored at -70 °C until extraction of genomic DNA as previously described (12).
Genotyping Paragraph Number 11 Taqman single nucleotide polymorphism (SNP) genotyping method.
Genotypes were determined using Taqman ® assays (Applied Biosystems, Warrington, UK;
Applied Biosystems, CA, USA). For the Caucasian swimmers and for the Japanese swimmers and controls, genotypes were obtained at ACE SNP rs4341 (ABI assay ID:
C__29403047_10) and at ACTN3 p.R577X (rs1815739; ABI assay ID: C____590093_1_). 
Paragraph Number 12 Allele discriminatory PCR method. Genotyping of ACE I/D (rs4340)
in Taiwanese swimmers and controls was performed using a standard gel-based allelic discrimination assay method as previously described (3 Paragraph Number 13 PCR-RFLP Genotyping. Genotyping of Taiwanese swimmers and controls at ACTN3 R577X (rs1815739) was carried out after PCR amplification across the polymorphic site and restriction digestion, as previously described (7).
Statistical analysis
Paragraph Number 14 Genotype and allele frequencies were calculated for both ACE and ACTN3 polymorphisms and Hardy-Weinberg equilibrium (HWE) assessed using a χ 2 test.
Multinomial logistic regression was used to analyse genotypic associations with case/control status. Three outcome states were used in the models. The regional samples were analysed separately. For Caucasians, the outcome states were SMD swimmer, LD swimmer and control. For East Asians, the outcome states were SD swimmer, MD swimmer and control.
Associations of genotype with outcome were modeled using three genetic models -additive Caucasian swimmers and Japanese subjects) in the control populations were as expected, with the I-allele being at relatively higher frequency in East Asians (14,33). Allele frequencies for ACTN3 showed only small differences between the regional subgroups and were in line with expectation (1, 17, 21, 27, 28, 37) . The ACTN3 data in Caucasian controls were obtained from 5 separate studies (1, 17, 27, 28, 37) . There were no differences in allele frequencies or genotype distributions between these studies (χ 2 = 6.03, p = 0.64; See Table, Supplemental Digital Content 3, which describes ACTN3 genotype and allele frequencies in
Caucasian controls from the five published reports).
Paragraph Number 16 ACE I/D genotype was associated with elite swimmer status in
Caucasians. The multinomial logistic regression models were significant (Table 2 Table 2 ).
Paragraph Number 17
Before deciding how to treat the East Asian sample in the association analyses, multinomial logistic regression models were evaluated for genotype by ethnicity interactions (i.e. the models were Outcome = genotype + ethnicity[Japanese/Taiwanese] + (genotype x ethnicity) + error) to determine whether effects on outcome differed between the two sub-cohorts. In models evaluated for both ACE and ACTN3 under all three genetic models (additive and both dominant models), the interaction term was not significant (p ≥ 0.11; See Table, Supplemental Digital Content 4, which demonstrates the results of likelihood ratio tests for the effect of the interaction term on the overall model in the elite East Asian swim cohort). As a result, the Japanese and Taiwanese subgroups were treated as a single East Asian cohort in all subsequent analyses.
Paragraph Number 18
In East Asian SD swimmers, ACE I/D genotype was also associated with swimmer status (Figure 2 , Table 2 ). Under the D-allele-dominant model, the multinomial logistic regression model was significant (Table 2 Table 2 ).
Paragraph Number 19
For ACTN3 R577X, no statistically significant associations were observed in either regional subgroup for any of the swim distance subgroups (Table 2 ; also see 
Paragraph Number 21
The findings for ACE I/D need to be interpreted in the context of population differences in I/D allele frequency. The allele frequencies observed were as expected for the populations used here (13). The lower minor allele frequency in East Asians reduces power to detect associations somewhat but did not prevent an association being detected, at least in the shorter distance swimmers. Despite the association in Caucasians being observed in swimmers of combined SD and MD designation (the SMD swimmer subgroup), there was no tendency for genotypes of East Asian MD swimmers to differ from controls in the same direction as in the significantly associated SD swimmers. Limited power is unlikely to explain this lack of trend and the possibility should therefore be entertained that the populations differ in the extent to which ACE I/D affects swimmers at different distances.
Paragraph Number 22
In terms of direction of effect, the observation that the D-allele was associated with SMD swimmer status in Caucasians while the I-allele was associated with SD swimmer status in East Asians is particularly notable. Previous studies, though using smaller samples, have reported associations between the D-allele and elite SMD swimming status (8, 35) . The direction of effect in East Asians is consistent with previous reports if ACE affects other endurance/power-related sports in the same way as it does swimming -the Dallele has been reported to be associated with endurance performance in elite Japanese marathon runners (33), whereas the I-allele has been reported to be associated with elite power athlete status in Koreans (14) . No associations with longer distance events were observed in our study but it is not always the case that complementary associations must be observed in opposing phenotypes and whether in fact these genotype effects operate across the entire phenotypic distribution in the whole population is not known. 
Paragraph Number 23
Paragraph Number 25
The lack of clear association between ACTN3 genotype and swimmer status is interesting in light of previous studies. In Caucasians, multiple studies have reported the ACTN3 577X-allele to be under-represented in elite sprint/power event athletes (reviewed in (18)). Few studies have focused on this polymorphism in East Asian elite athletes (7,31). Of the two ethnic groups studied here, the East Asians came closest to showing an association, this effect being in the same direction as in previous studies (with the 577R-allele being modestly over-represented in SD swimmers). Although ACTN3 deficiency has a modest effect on muscle fiber distribution (11), its impact on ability to perform in elite power events may have just as much to do with the role of ACTN3 in muscle metabolism rather than in relation to structure or fibre-type distribution per se (5,21). It may be that none of these roles subserved by ACTN3 are of particular importance in swimming, or it may be that the aspect of power performance affected by the polymorphism is under-engaged in swimming relative to other sports, possibly because of the relatively lower stress put on muscles supported in water and lack of eccentric contractions (16). It may also be that swimming performance has a much greater component of technique than other power events.
Lastly, there is the possibility that type II error accounts for the fact that we do not see an association here. Large studies with power to detect significant associations at genome-wide level have not yet been conducted. Although a meta-analysis of associations between ACTN3
and sprint/power athlete status has been published and does find evidence for a real association (2), many studies, mainly with small sample sizes, have failed to observe any association between ACTN3 variants and sporting performance.
Paragraph Number 26
The limitations of the study reported here relate primarily to this issue of sample size. Although our study was carried out using the largest elite swimmer sample yet assembled, it is still a relatively modest sample size for a genetic association study. Future efforts should be focused on collecting a sample large enough to allow testing of many more candidate genes using next generation sequencing approaches to find additional putative functional variants, or perhaps analysis at the genome-wide level and this may entail using a cohort that lies towards the top of the swimming performance distribution but that is less elite than the present sample. Further studies could also focus on whether the associations reported here are observed in trained/competent swimmers from the general population, as effects observed in the extremes of the distribution may or may not reflect physiological processes operating across the entire population distribution. It would also be interesting to know whether such associations are observed in cohorts of swimmers adhering to different training regimes/intensities, whether history of injury affects the association, or whether the range of event distances in which the effect is observed is wide or narrow. Our findings should be interpreted with caution until confirmed by additional, larger studies of these kinds but are interesting nonetheless. 
